Red sweet potatoes (Ipomea batatas) were also obtained commercially. All tubers were stored at 7 C at 80 to 90%o RH in the dark.
Inhibitors of cytochrome-mediated electron transport, such as cyanide and antimycin, often fail effectively to block the 02 consumption of plant mitochondria. The resistance of these mitochondria results from a branched respiratory chain comprising the conventional Cyt path and an alternative path leading to a cyanide-resistant terminal oxidase (29) .
Early efforts to characterize the alternative path revealed its lack of optically detectable redox components and its sensitivity to inhibition by certain metal chelators (3) . Although the chelators used in these preliminary studies were of limited experimental usefulness because of their considerable side effects on the Cyt path, discovery of their effectiveness prompted the speculation that a non-heme iron protein may 'To whom reprint requests should be sent. native path.
Schonbaum et al. (27) found substituted hydroxamic acids were potent and seemingly selective inhibitors of the alternative path. This discovery added a new dimension to research on cyanide resistance. For the first time it was possible to study either branch of the respiratory chain independently by specifically blocking the other pathway. This eventually allowed the development by Bahr and Bonner (2) of a system of analysis to determine the extent to which the alternative path contributes to the total respiration in the absence of cyanide. Hydroxamic acids are well known chelators of transition metal ions, and form particularly strong complexes with Fe3+. This fact added to the general support of Bendall and Bonner's suggestion that a non-heme iron protein was involved in the alternative path, even though Schonbaum et al. did not themselves particularly favor this interpretation. Rich and coworkers (25, 26) later presented evidence against the iron chelation mechanism of inhibition by hydroxamates and supported other possible mechanisms, including charge transfer complex formation and polyfunctional hydrogen bonding, a possibility originally suggested by Schonbaum et al. (27) .
We initially examined the chelator sensitivity of the alternative path to seek evidence of a metal-containing regulatory site where ethylene and cyanide, putative activators of the alternative path (30), might bind. However, Arron et al. (1) have since shown that ethylene has no direct effect on the alternative path in vitro. Accordingly, chelator sensitivity probably has no relation to ethylene binding sites. Nevertheless, in the course of our survey of chelators, we found that disulfiram (tetraethylthiuram disulfide), a complexing agent thought to favor copper, rather specifically inhibits the alternative path in isolated mitochondria. We have subsequently probed its mechanism of action in light of the potential of this compound to act either as a metal-complexing agent or as a sulfihydryl poison.
GROVER AND LATIES
trations up to 50 mM). SHAM4 was obtained from Aldrich Chemical Co. and 1 M stock solutions prepared in 2-methoxyethanol. Stock solutions of various other metal chelators were prepared in acetone or ethanol. In all cases where nonaqueous solvents were employed in respiratory studies, the final solvent concentration in the reaction medium was restricted to levels that had no significant effect on respiration.
The following solutions were used during the preparation and assay of activity of mitochondria and submitochondrial particles. Extraction medium: 350 mm mannitol, 25 mm Tes (pH 7.8), 250 mm sucrose, 1 mg/ml BSA, and 0.1 mg/ml Na-mercaptobenzathiozole (added just prior to homogenization). Wash and suspension medium: 350 mm mannitol, 250 mm sucrose, 25 mm Tes (pH 7.4), and 1 mg/ml BSA. Sonication medium: 250 mm sucrose, 1 mM ATP, 1 mm EDTA, 10 mm Tes (pH 7.5). Reaction medium: 400 mm mannitol, 25 mm Tes (pH 7.4), 5 mM KH2PO4, and 1 mg/ ml BSA.
Preparation ofMitochondria. Tissue was cut into small blocks and homogenized in an Oster vegetable juicer with 2 volumes extraction buffer. The coarse debris was removed by filtration of the homogenate through a strip of Miracloth which lined the basket centrifuge of the juicer. The homogenate was centrifuged at 750g for 10 min. The resulting pellet, which contained starch, nuclei, unbroken cells, and cell wall material, was discarded.
Mitochondria were sedimented from the supernatant by centrifugation at 14,000g for 20 min. This crude mitochondrial fraction was suspended in an excess of wash medium and recentrifuged at 14,000g for 20 min. The washed mitochondria were resuspended in wash medium.
When purified mitochondria were required, the washed mitochondria prepared by the above procedures were layered on a linear sucrose gradient (1 to 2 M) containing 10 mm Tes (pH 7.4), and centrifuged for 3 h at 25,000 rpm in a Beckman L5-50 centrifuge equipped with a SW 27.1 rotor. The mitochondria were located in a single band with an average density of 1.186. The mitochondria were removed from the gradient with a large bore syringe with a tip bent some 900, then diluted to 0.4 M sucrose by dropwise addition of 10 mm Tes buffer (pH 7.4), plus 0.1% BSA. The dilution procedure was carried out over a period of at least 20 min, as faster dilution resulted in mitochondrial breakage. The diluted solution was centrifuged at 14,000g for 10 min to pellet the purified mitochondria, which were then taken up in a small volume of resuspension medium.
Preparation of Submitochondrial Particles. Submitochondrial particles were prepared by sonication of intact mitochondria at a protein concentration of approximately 10 mg/ml. Sonication was performed in an ice bath with a Bronson sonifier in two bursts of 25 s each at 40 w with 1 min between the bursts. Unbroken mitochondria were removed by centrifugation of the crude sonicate at 14,000g for 10 min. The supernatant was then centrifuged at 100,000g for 1 h to pellet the submitochondrial particles which were then taken up in a minimal volume of resuspension medium.
Respiratory Measurements. Mitochondrial respiration was measured with a Clark 02 electrode in a 3-ml Plexiglas chamber maintained at 25 C with a circulating water bath. When succinate was the respiratory substrate, mitochondria were pretreated for 2 min with 0.1 mm ATP to activate succinate dehydrogenase prior to substrate presentation. When Chance and Williams (6 filter to a vial, and placed in a desiccator jar and dried to constant weight. The theoretical yield of disulfiram was 88.4 mg (0.298 mmol). The actual yield was 47.5 mg, 54% of the theoretical yield. The specific radioactivity of the product was found to be 20.5 mCi/mmol, whereas a value of 13.8 mCi/mmol was expected on the basis of the nominal specific radioactivity of the DIECA. The presence of the insoluble contaminant in the starting material may have contributed to both the low over-all yield and the seemingly high specific radioactivity of the disulfiram. 
RESULTS
Inhibition Constant. Disulfiram strongly inhibits cyanide-resistant respiration in isolated mitochondria (Fig. 1) . The apparent Ki for this inhibition, as determined from Dixon plots, is typically in the range of 4 to 17 ILM. However, the Dixon plots are sometimes concave upward rather than linear. Evidence presented in later sections shows that a significant fraction of the total disulfiram pool can be depleted by a combination of specific and nonspecific binding even in purified mitochondrial preparations. Such depletion, when it exceeds a certain limit, undermines the usual methods of inhibitor analysis (12) (Fig. 4) , whereas titration with SHAM in the presence of another hydroxamic acid (namely CLAM) indicates mutually exclusive binding (Fig. 5) .
Reversibility (8, 33) .
36S-Disulfiram Binding Studies. As a prelude to binding studies, the inhibitory effectiveness of synthesized 3S-disulfiram was compared with that of commercially obtained, unlabeled disulfiram. Figure 7 shows that the inhibitor titrations for the synthesized and commercial disulfiram are superimposable.
The binding studies with labeled disulfiram were carried out under the standard assay conditions used for respiratory measurements, with the exception that BSA was excluded from the assay medium and from all solutions used in the preparation of the mitochondria. Accordingly, the mitochondria used in binding studies were tested separately for respiratory competency and cyanide resistance with reaction mix containing BSA. Gradientpurified mitochondria were used in all binding studies.
In conjunction with titrations with labeled disulfiram, parallel titrations were performed with 3S-disulfiram and an excess of unlabeled disulfiram, following a generally accepted strategy for estimating specific binding of labeled hormones and drugs (24) . The high level of unlabeled inhibitor is added competitively to prevent 3S-disulfiram binding at the specific high affinity binding sites involved in alternative path activity. Radioactivity retained in the pellet under these conditions is considered to represent nonspecific binding due to occlusion or to nonspecific adsorption at low affinity sites. Specific binding is obtained by subtracting nonspecific binding from total binding. In almost all cases nonspecific binding represented less than half of the total binding.
Potato tubers treated with ethylene yield CN-resistant fresh slices (7) . To address the question of whether ethylene induces the synthesis of the alternative path in potato tubers, we compared the number of specific disulfiram binding sites in mitochondria from untreated and ethylene-treated potato tubers. Figure 8 shows the concentration dependency of specific 3S-disulfiram-saturable binding to mitochondria isolated from ethylene-treated potato tubers. The concentration of specific disulfiram reactive sites appears to be 4 to 6 nmol/mg protein, assuming that one-half of the disulfiram molecule is present on the protein in mixed disulfide form. Half-maximal saturation of disulfiram binding occurs between 5 and 20 JAM. These values are in reasonable agreement with the Ki for disulfiram inhibition of the alternative path.
The binding of 3S-disulfiram to cyanide-sensitive potato mitochondria yields a saturation curve similar to that obtained for 19.7 cyanide-resistant mitochondria (Fig. 8) (C2H5)2NC-SH + RS-S-CN(C2HK)2 (2) Whether the reaction proceeds via equation 1 or 2 depends on the nature of the thiol. The symmetrical disulfide products are formed in reaction with low molecular weight thiols, whereas mixed disulfides result from reaction with protein sulfhydryl groups (22) .
Although the mechanism by which disulfiram acts in isolated plant mitochondria is not known with certainty, it is clear that disulfiram is a reasonably specific inhibitor of the altemative path. While there is some evidence of a second site of inhibition outside the altemative path (perhaps in complex I), and a slight uncoupling effect, these secondary effects are minor in the concentration range required for altemative path inhibition.
Earlier workers have found inhibitory effects of disulfiram on mitochondrial oxidations. Whereas Keilin and Hartree (15) found succinate dehydrogenase in heart muscle preparations to be strongly inhibited by disulfiram, Hassinen (10) found that disulfiram had no effect on the succinoxidase activity of isolated rat liver mitochondria. In contrast, the oxidation of pyruvate and malate by these mitochondria was found to be inhibited 26% by 270 uM disulfiram, while the oxidation of f-hydroxybutyric acid was totally inhibited by 140 ,um disulfiram (10 (4) and is an order of magnitude greater than the concentration of individual Cyt (18) . Preliminary experiments suggest that a significant fraction of the bound disulfiram migrates with a low molecular weight protein (mol wt c 13,000) in SDS gel electrophoresis.
